PURPOSE. Neuroglobin (Ngb) is a vertebrate globin that is predominantly expressed in the retina and brain. To explore the role of Ngb in retinal neuroprotection during ischemia reperfusion (IR), the authors examined the effect of Ngb overexpression in the retina in vivo by using Ngb-transgenic (Ngb-Tg) mice.
N euroglobin (Ngb) is an oxygen-binding heme (151-amino acid) protein with a predicted molecular mass of approximately 17 kDa and is expressed in all vertebrates. It is related to myoglobin and hemoglobin, and is found predominantly in neurons. [1] [2] [3] [4] In the retina, neuroglobin is expressed at a concentration 100-fold higher than in the brain. 5, 6 However, its role in the retina is not known. The studies investigating the brain ischemia showed the neuroprotective effect of Ngb against ischemic damage. In these studies, neuroglobin overexpression results in decreased apoptosis and neuronal cell death during hypoxic cortical neuronal injury and smaller cerebral infarct volumes during transient cerebral ischemia. 7, 8 Conversely, the knock-down of Ngb in vitro has been associated with increased ischemic damage in cortical neuronal cells. 9, 10 However, the mechanism by which neuroglobin mediates such neuroprotection has not been elucidated. Several authors found Ngb in close association with mitochondrial functions, scavenging of reactive oxygen and nitrogen species as well as with enhancing of the oxygen supply. 5-7,10 -13 Ischemic injury is an essential feature that underlies the pathogenesis of many ophthalmic disorders such as retinal vascular occlusions, diabetic retinopathy, ischemic optic neuropathy, and glaucoma, and is a common cause of visual impairment and blindness.
14 At the cellular level, ischemic injury primarily results from subsequent reperfusion, which activates a cascade of events leading to mitochondrial oxidative stressmediated apoptosis. 14 -18 The high intraocular pressure (IOP) model of ocular ischemia in mice induced by transiently elevating the IOP above ocular perfusion pressure is a well recognized animal model of retinal ischemia that can be used to study the effects of ischemic reperfusion injury. 14, 19 To explore the role of Ngb in retinal neuroprotection, we examined the effects of neuroglobin overexpression in the retina during ischemia reperfusion in vivo by using novel Ngb-overexpressing transgenic (Ngb-Tg) mice in comparison with wild type (WT) BDF1 mice. Here, we determined the Ngb expression in Ngb-Tg mice in comparison with WT mice and demonstrate the close association of Ngb with mitochondria in the retina. In addition, we report that Ngb overexpression in vivo plays a neuroprotective role in retinal ischemia by preventing mitochondrial oxidative stress leading to decreased activated caspase 3 and apoptosis.
METHODS Animals
BDF1 (WT) mice were obtained from Charles River Laboratories International (Wilmington, MA) and Ngb-Tg mice were kindly provided by David A. Greenberg (Buck institute for Age Research, Novato, CA). 20 Animal care and use was in compliance with institutional guidelines and with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Induction of Ischemia-Reperfusion
Mice were anesthetized with intramuscular ketamine chloride 80 mg/kg and xylazine 4 mg/kg. Ischemia reperfusion (IR) was performed using techniques previously described. 21 Briefly, the anterior chamber of the left eye was cannulated with a 30-gauge infusion needle connected to a normal saline reservoir elevated to a height of 1.5 m to maintain an intraocular pressure of 110 mm Hg for 60 minutes. Retinal ischemia was confirmed by whitening of the iris and loss of red reflex and subsequent reperfusion by the return of the red reflex. The contralateral right eye served as a nonischemic control. Previous experiments with a sham procedure in the contralateral eye as nonischemic control did not show any difference in data.
Histologic Examination
Twelve WT and 12 Ngb-Tg mice were euthanized on Day 7 of reperfusion and 12 eyes from each group (WT-IR and Ngb-IR) were enucleated. The contralateral right eye served as a nonischemic control (WT-C, Ngb-C). Additionally 6 WT and 6 Ngb-Tg mice were euthanized on day 45 of reperfusion. All eyes were formalin-fixed and paraffinembedded. Five-micrometer thick sections were stained with hematoxylin and eosin (H&E) and morphometric analysis was performed to quantify ischemic injury. Five sections were selected randomly in each eye. Total retinal thickness (from internal to outer limiting membrane, ILM-OLM) was measured in four adjacent areas of the inferior retina within 1 mm of the optic nerve, and the mean value was calculated. In a similar manner, the individual layers, inner nuclear layer (INL), inner plexiform layer (IPL), outer nuclear layer (ONL), outer plexiform layer (OPL), and ganglion cell layer (GCL) were also measured and the mean value calculated.
Statistical analysis comparing the differences among controls and two ischemic groups was performed separately in WT and Ngb-Tg mice using Mann-Whitney tests with P values Ͻ0.05 considered significant.
Ngb Gene Expression by Real-Time Polymerase Chain Reaction
The retinas of six mice from each group (nonischemic WT control mice [WT-C], WT mice with ischemia [WT-IR], nonischemic Ngb-Tg control mice [Ngb-C], and Ngb-Tg mice with ischemia [Ngb-IR]) were obtained on Day 7 of reperfusion. RNA was extracted using reagent (Trizol, Invitrogen, Carlsbad, CA) from each group of retinas. The cDNA template was generated using the reverse transcription kit (Omniscript; Qiagen, Valencia, CA). Real-time polymerase chain reaction (PCR) was performed to detect gene expression levels of Ngb. Each 25 uL PCR reaction mixture contained a master mix (SYBR green I; Bio-Rad Laboratories, Hercules, CA); 0.5 M gene-specific primers for Ngb and the cDNA template. In the quantification analysis, glyceraldehyde-3-phosphatedehydrogenase (GAPDH) was used as a normalizing gene. PCR reactions for each gene in each experiment were performed in triplicate on each cDNA template, along with triplicate reactions of the housekeeping gene GAPDH. Dissociation melting curve analysis was used to check the specificity of PCR amplification products. The threshold cycle (Ct) difference between the experimental and control groups, for each gene in each tissue, was calculated and normalized to GAPDH, and the increase (x-fold) in mRNA expression was determined by the 2-⌬⌬Ct method as we had published previously. 22, 23 Statistical analysis of ⌬⌬Ct was performed with ANOVA followed by Tukey-Kramer multiple comparison test for three independent samples, with significance set as P Ͻ 0.05 using statistical software (InStat; GraphPad, San Diego, CA).
Localization of Neuroglobin with Mitochondria
Seven-micrometer cryosections were obtained from 12 retinas of each group (WT-C, WT-IR, Ngb-C, and Ngb-IR) on day 7 of reperfusion. To localize Ngb with mitochondria, the retinal cryosections were incubated overnight at 4°C with a rabbit polyclonal anti-Ngb (1:200, Santa Cruz Biotechnology, Santa Cruz, CA) and mouse monoclonal Cytochrome c oxidase, subunit IV (COX IV, 1:200, Santa Cruz Biotechnology). The secondary antibodies used (1:200) were Cy2-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) and Texas Red dye-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc.) Isotype controls and PBS-replaced primary antibody were used as the negative controls. All experiments were performed in triplicate and all sections were viewed using confocal microscopy (Carl Zeiss, Oberkochen, Germany).
Detection of Mitochondrial Oxidative DNA Damage and Detection of Apoptotic Cells (TUNEL) in Retinal Ischemia Reperfusion Injury
Seven-micrometer cryosections were obtained from 12 retinas of each group (WT-C, WT-IR, Ngb-C, and Ngb-IR). 8-Hydroxy-dequanosine (8-OHdG) was detected using polyclonal anti-8OHdG (1:100, Chemicon, Billerica, MA) and colocalized with mouse monoclonal COX IV (1:100, Santa Cruz Biotechnology). The secondary antibodies used (1:200) were Cy2-conjugated donkey anti-mouse IgG and Texas Red dye-conjugated donkey anti-goat IgG. Isotype controls and PBS-replaced primary antibody were used as negative controls. All experiments were performed in triplicate and all sections were viewed using confocal microscopy (Carl Zeiss).
The TUNEL procedure was performed with an apoptosis detection kit (In Situ Cell Death Detection Kit, TMR red; Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instructions. Label solution was used in place of the enzyme solution as the negative control, and positive control slides were treated with (DNase I recombinant; Roche Diagnostics). Staining was performed in triplicate and viewed with confocal microscopy.
Detection of Mitochondrial DNA Damage through Quantitative PCR
Total cellular DNA was isolated with a DNA kit (PureLink DNA kit; Invitrogen) as described by the manufacturer and the DNA concentration was determined using a high-sensitivity kit (Quanti-IT High Sensitivity DNA Assay Kit; Invitrogen) designed for the fluorometer (Qubit Fluorometer; Invitrogen). The quantitative PCR (qPCR) assay was performed as previously described. 24, 25 Briefly, PCR amplification was done using a kit (GeneAmp XL PCR kit; Applied Biosystems, Foster City, CA) on a PCR system (GeneAmp PCR system 9700; Applied Biosystems). The qPCR assay is based on the principle that the lesions such as oxidative DNA damage will block the thermostable DNA polymerase on the DNA template leading to a decrease in amplification of the fragment of interest. The reaction mixtures contained 15 ng of genomics DNA. The reagent conditions for the qPCR have been described previously. 25 The primer sequences for the 10 kb mitochondrial genome were 5Ј-GCC AGC CTG ACC CAT AGC CAT ATT AT-3Ј (sense) and 5Ј-GAG AGA TTT TAT GGG TGT ATT GCG G-3Ј (antisense). Normalization for variations in amplification of the mitochondria due to possible changes in mitochondrial DNA steady state levels was performed by amplifying a small, 117 base pair (bp) mitochondrial fragment (sense, 5Ј-CCC AGC TAC TAC CAT CAT TCA AGT-3Ј and antisense, 5Ј-GAT GGT TTG GGA GAT TGG TTG ATG-3Ј) which is independent of damage and would be expected to yield similar qPCR (short) concentrations.
As previously described, DNA lesion frequencies were calculated using the Poisson equation which assumes a random distribution of DNA lesions and is defined as f(x) ϭ e Ϫ x /x!, where x ϭ 0, for zero class molecules (molecules with no damage), and is the average lesion frequency. 24 -26 The amplification is directly proportional to the fraction of undamaged DNA templates. Therefore, the average lesion frequency per strand can be calculated as ϭ ϪlnAt/Ao, where At represents the amount of amplification of the damaged template and Ao is the amount of amplification product from undamaged DNA. The amplification of At is also normalized to the amplification of Ao and expressed as the relative amplification ratio, At/Ao. 24 -26 Statistical analysis was performed with a Student's t-test with P values Ͻ0.05 considered significant.
Western Blot Analysis of Ngb and Caspase 3
Twelve retinas from each group (WT-C, WT-IR, Ngb-C, and Ngb-IR) on Day 7 of reperfusion were obtained. In addition, seven retinas from WT animals after 12 hours and seven retinas after 1 day of reperfusion were dissected out. All retinas were homogenized and lysed in protein extraction buffer (M-PER; Thermo Scientific, Waltham, MA) containing protease inhibitors (Calbiochem, San Diego, CA). The homogenates were centrifuged at 13,000 rpm for 20 minutes at 4°C. Protein quantification of the supernatant was determined using bovine serum albumin as the standard (Bio-Rad Laboratories). Equal amounts of protein samples were loaded and run on SDS-PAGE (4%-15% Tris-HCL polyacrylamide ready gels, Bio-Rad Laboratories). After electrophoresis, proteins were transferred onto polyvinylidene difluoride membranes (Bio-Rad Laboratories) using a transblot semidry system. The membranes were blocked using 5% skim milk and then probed with a polyclonal anti-Ngb (1:200, Santa Cruz Biotechnology) overnight a 4°C. In addition, activated caspase 3 was detected by probing the membranes with polyclonal anti-caspase 3 (1: 500, Santa Cruz Biotechnology). After incubation for 45 minutes with the secondary antibody tagged with horseradish peroxidase (anti-rabbit, Santa Cruz Biotechnology), signals were detected by chemiluminsecence system (Thermo Scientific). Equal protein loading of retinal lysates from each group was confirmed by reprobing blots with a monoclonal antibody to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and ␤-actin. The differences in expression levels were determined by scanning gels and determining the integrated density of the bands using ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html). Data are expressed as normalized ratios to GAPDH. The experiments were performed in triplicate, each time using different sets of animals. Statistical analysis evaluating three different blots was performed with a Student's t-test with P values Ͻ0.05 considered significant. WT control eyes were compared with WT-IR as well as with Ngb-C. In separate analysis the Ngb-Tg control eyes (Ngb-C) were compared with eyes after IR injury (Ngb-IR).
RESULTS

Effect of Ngb Overexpression on Retinal Histology after IR
Histopathological changes of the WT retina on Day 7 of IR revealed marked thinning and atrophy, especially in the GC, IPL, and INL. (Fig. 1, Table 1 ). The quantitative morphometry of the total retinal thickness (ILM-OLM) showed a significant decrease in WT mice with ischemia (WT-IR) on Day 7 after Quantitative morphometry of total retinal thickness (ILM-OLM) and the thickness of individual retinal layers revealed that the thickness of the retinas in the Ngb mice with ischemia (Ngb-IR) was preserved in comparison with the retinas of the wild type mice with ischemia (WT-IR) which was significantly thinner (P Ͻ 0.05). The statistical analysis compared the difference between control eye and IR eye at Day 7 of reperfusion (*) and between control eye and IR eye at Day 45 of reperfusion ( †). WT and Ngb-Tg mice were analyzed separately. NS, not significant.
(145.6 Ϯ 12.8 m) when compared with WT-C (242.7 m, P Ͻ 0.05 and P Ͻ 0.01 respectively). In addition, the thickness of the each individual retinal layer measured in WT mice on Day 45 after reperfusion also showed statistically significant reduction when compared with controls (WT-C). In Ngb-TG mice a significant increase of the total retinal thickness (ILM-OLM) was observed on Day 7 after ischemia (Ngb-IR, 222.0 Ϯ 10.8 m) compared with Ngb-C (200.0 Ϯ 34 m, P Ͻ 0.05). However on Day 45 after reperfusion there was no significant differences in the total retinal thickness as well as thickness of each retinal layer and the cell numbers in these layers in Ngb-Tg mice with IR compared with the Ngb-Tg control mice eyes (Table 1) .
Neuroglobin Overexpression in Ngb-Tg Mice and Effect of IR on Expression
In Ngb-Tg mice, Ngb mRNA was overexpressed 11.3-fold (SE Ϯ 0.457, P Ͻ 0.05) higher than normal WT mice. The differences of the Ngb gene expression in WT and Ngb-Tg animals are presented in Figure 2A . After Day 7 of reperfusion, Ngb mRNA expression significantly decreased in WT mice (WT-IR) to 0.77-fold (SE Ϯ 0.32, P Ͻ 0.05) when compared with WT-C. In Ngb-Tg mice the significant upregulation of the Ngb mRNA expression was observed on Day 7 after reperfusion (1.42-fold, SE Ϯ 0.171, P Ͻ 0.05) when compared with Ngb-Tg control mice. Increased gene expression of Ngb mRNA in the retina of Ngb-Tg mice correlated with the increased protein expression as revealed by the Western blot analysis. A significantly higher amount of the Ngb protein could be detected in control eyes of Ngb-Tg animals (Ngb-C) in comparison with WT-C eyes (2.5 to 1.37 densitometric unit respectively, P Ͻ 0.05). On Day 7 after reperfusion (Fig. 2B) , in the Ngb-Tg mice with ischemia (Ngb-IR) there was a significant increase in the levels of Ngb protein (to 3.11 densitometric units, P Ͻ 0.05) compared with Ngb-Tg control eyes. However in contrast, WT mice with ischemia demonstrated a significant decrease in Ngb protein on Day 7 of reperfusion (to 0.9 densitometric units, P Ͻ 0.05) when compared with WT controls (Fig. 2B) , whereas the retinas of WT mice after 12 hours of ischemia (Fig. 2C) showed a significant transient increase of the Ngb protein (1.78 densitometric units, P Ͻ 0.05) compared with the WT controls. The protein level of Ngb was significantly decreased subsequently after 1 day of reperfusion in the WT mice compared with WT controls (0.42 densitometric units, P Ͻ 0.05, data not shown).
Localization of Ngb in the Retina and Its Association with Mitochondria
Immunostaining of 12 nonischemic WT control retinas showed the presence of Ngb staining (green) in the inner photoreceptor segments, IPL, OPL, and GC layer (Fig. 3A) . Using the antibodies against COX IV, Ngb was found to colocalize with the mitochondria. The distribution of the Ngb staining did not differ between WT and Ngb-Tg control mice, however there was increased staining of Ngb in the Ngb-Tg mice.
FIGURE 2. (A)
Gene expression of Ngb mRNA was significantly overexpressed (11.28-fold increase, **P Ͻ 0.005) in Ngb-Tg mice without ischemia (NGB-C) in comparison with WT mice without ischemia (WT-C). There was a significant difference (*P Ͻ 0.05) in Ngb mRNA expression between WT-C and WT mice with ischemia (WT-IR). Similarly, there was a significant difference (#P Ͻ 0.05) between NGB-C mice and Ngb-Tg mice with ischemia (NGB-IR). mRNA was quantitated by real-time PCR analysis using gene-specific primers and was normalized to GAPDH. The relative multiple of change in mRNA expression was determined using the 2-⌬⌬Ct method. Experiments were conducted in triplicate. Statistical analysis was performed using t-tests. *P Ͻ 0.05; **P Ͻ 0.005: WT control eyes compared with WT-IR and Ngb control eyes. #P Ͻ 0.05: Ngb-Tg control eyes compared with Ngb-Tg IR eyes. (B) Western blot analysis of the retinal protein lysates revealed that the Ngb protein was significantly overexpressed (densitometric unit, 2.5; **P Ͻ 0.05) in Ngb-Tg mice without ischemia (NGB-C) in comparison with wild type control mice without ischemia (WT-C). The Ngb protein level was decreased in WT mice with ischemia (WT-IR) in comparison with WT mice without ischemia (WT-C) (**P Ͻ 0.05). In contrast the Ngb protein levels were significantly increased (P Ͻ 0.05) in Ngb-Tg mice with ischemia (NGB-IR) in comparison with Ngb-Tg control mice (NGB-C). The eyes with IR were compared with control eyes in WT and Ngb-Tg mice separately. Statistical analysis was performed using t-tests.**P Ͻ 0.05; WT control eyes compared with WT IR and Ngb control eyes. #P Ͻ 0.05: Ngb-Tg control eyes compared with Ngb-Tg IR eyes. (C) Western blot analysis of the retinal protein lysates revealed that Ngb protein was significantly overexpressed (densitometric unit, 1.78; *P Ͻ 0.05) in WT mice 12 hours after reperfusion (WT-IR) in comparison with WT control eyes without ischemia (WT-C).
Mitochondrial Oxidative Stress
In WT mice with ischemia, 8-OHDG, DNA damage could be detected in the ganglion cell layer, INL, and ONL. In addition, colocalization of 8-OHDG with mitochondrial COX IV was seen in the ganglion cell, INL, and ONL of WT mice with ischemia indicating that this oxidative stress is mitochondrial in nature.
In contrast there was no immunostaining of 8-OHDG, in Ngb-Tg mice with ischemia, indicating the absence of DNA damage and oxidative stress in Ngb-Tg mice with ischemia (Fig.  3B) . The presence of mitochondrial oxidative DNA damage was further confirmed using a quantitative PCR assay. By comparing the relative efficiency of amplification of the large mitochondrial fragment 10 kb, and normalizing this to the ampli- fication of the smaller 117 bp fragments. The relative amplification of the 10 kb mitochondrial fragment comparing the amplicon amounts of Ngb-IR and WT-IR mice revealed a 52.8% decrease (P Ͻ 0.05) in relative amplification ratio. There was no statistical difference between the relative amplification ratio of Ngb-C/WT-C mice without ischemia (Fig. 3C) . The average mitochondrial DNA lesion per 10 kb DNA, determined as: ϭ ϪlnAt/Ao, also revealed a significant decrease in DNA lesions (Ϫ0.1 lesion/10 kb, P Ͻ 0.05) in Ngb-Tg mice with ischemia in comparison with WT mice with ischemia (Fig. 3D) .
Apoptosis
Western blot analysis revealed high protein levels of activated caspase 3 in the WT mice with IR compared with the control WT eyes. However the activation of the caspase 3 in the Ngb-Tg mice with IR was significantly lower compared with the WT-IR mice (Fig. 4A) .
In WT mice with ischemia, numerous TUNEL positive cells were detected whereas in the Ngb-Tg mice with IR only a few apoptotic cells were present. Neither the negative control nor nonischemic WT (WT-C) and Ngb controls (Ngb-C) showed TUNEL-positive cells (Fig. 4B) .
DISCUSSION
The present study reveals that the Ngb-Tg mice represent a unique model to study the effect of Ngb overexpression in vivo during retinal ischemia. When neuroglobin is overexpressed in the Ngb-Tg mice using a chicken ␤-actin promotor, this overexpression occurs at the gene and protein level. 20 Using real time-polymerase chain reaction analysis, we found the overexpression of Ngb mRNA in the retinas of Ngb-Tg mice to be 11.3-fold (SE Ϯ 0.457, P Ͻ 0.05) higher than in the WT-mice during nonischemic conditions (Fig. 2A) . Furthermore, the retinal overexpression of Ngb in the transgenic animals was also confirmed at a protein level by the larger Ngb band detected on immunoblot in comparison with WT animals (Fig.  2B) . The retinal distribution of Ngb overexpression in the photoreceptor inner segments, IPL, OPL, and GC layers is consistent with the physiological distribution of Ngb in WT mice (Fig. 2C ) and correlates with previously reported Ngb distribution in the murine and human retina.
5,27
The role of Ngb neuroprotection in retinal ischemia is not known. Since its discovery in 2000, studies on Ngb focus on its role in cerebral ischemia where it has been implicated as an endogenous neuroprotectant in vitro and in vivo using Ngb overexpression cortical neurons as well as in Ngb-overexpressing transgenic (Ngb-Tg) mice.
9,10,28 -31 By using a well-established model of retinal IR, we investigated the changes of Ngb expression in response to retinal ischemia in WT and Ngb-Tg mice.
In our study, we observed significant differences in the regulation of the gene and protein expression of Ngb between WT and Ngb-Tg mice after ischemic injury. In the WT mice there was a significant transient upregulation of the Ngb protein after 12 hours (Fig. 2C) of reperfusion followed by significant downregulation of the mRNA and protein expression from Day 1 and Day 7 post IR (Fig. 2B ). This expression profile is similar to those found during acute retinal ischemia in rats. 32 The data of the Ngb expression under hypoxic conditions are conflicting. Several studies have shown the upregulation of the Ngb expression in the cell cultures under hypoxia. 33, 34 In some species of animals like zebrafish and turtles, significant upregulation of Ngb has been observed under ischemic conditions whereas several reports in rodents have shown downregulation of Ngb expression after brain ischemia. 6, 35, 36 A significant upregulation of the Ngb protein expression were also observed on Day 7 after reperfusion in Ngb-Tg mice correlating with the mRNA expression (Fig. 2B ) similar to other reports. 6 After Day 7 of reperfusion, the retinas of Ngb-Tg mice with ischemia showed transient increase of retinal thickness due to edema which was later resolved and after 45 days there was no significant difference in retinal thickness and morphologic structures compared with control eyes (Fig. 1) . However, in WT-IR mice, on Day 7 and Day 45 of reperfusion there was marked retinal thinning and histologic degenerative changes in the GC, IPL, and INL (Fig. 1) , which are consistent with retinal changes during ischemia described in previous studies. [37] [38] [39] These data demonstrate that Ngb overexpression in these transgenic mice prevents retinal damage from IR injury.
At a subcellular level, Ngb is found in close association with mitochondria as seen by the colocalization of Ngb with COX IV in the photoreceptor inner segments, the IPL, OPL, and GC layers (Fig. 3A) . These areas correspond to sites of high oxygen consumption and suggest that Ngb may play a role in oxygen sensing and mitochondrial metabolism. A similar finding has also been reported in other studies, where Ngb was colocalized and comigrated with mitochondria in neuronal processes. 40 -43 In our study, we used immunohistochemistry and qPCR to demonstrate the presence of mitochondrial oxidative stress during retinal ischemic injury. During oxidative stress, free radical and reactive oxygen species (ROS) release in the nuclear and mitochondrial DNA result in oxidative lesions. One of these lesions, 8-hydroxy-2Ј -deoxyguanosine (8-OHdG) has been widely used as a marker for oxidative stress. 44, 45 Increased 8-OHDG immunoreactivity in the retinas of WT-mice with ischemia was found to colocalize with a mitochondrial marker, COX IV in the ganglion cells, INL, and ONL of the WT-IR mice retinas after Day 7 of reperfusion (Fig. 3B) . In contrast, mitochondrial oxidative stress was absent in the ganglion cells, INL, and ONL of Ngb-Tg mice with ischemia suggesting that the neuroprotective effect of Ngb overexpression is through prevention of mitochondrial oxidative stress (Fig.  3B) . To further quantify the mitochondrial DNA damage and confirm this protective role of neuroglobin in preventing mitochondrial DNA damage, we measured the mitochondrial DNA damage using a well-established quantitative PCR assay. 25, 26 The Ngb-Tg mice demonstrated a statistically significant decrease in mitochondrial DNA damage after Day 7 of reperfusion when compared with WT mice with ischemia (Fig.  3C) . A comparison of the mitochondrial DNA damage between the nonischemic controls of Ngb-Tg and WT-mice revealed no statistical significance (P ϭ 0.12), indicating Ngb overexpression prevents mitochondrial DNA damage during retinal ischemia. This further confirms that Ngb mediates neuroprotection through prevention of mitochondrial oxidative stress.
As mitochondrial oxidative stress and DNA damage ultimately lead to the activation of caspase 3 and thus apoptosis, we also studied the role of Ngb on apoptosis during retinal ischemia. Our study revealed that a statistically significant reduction in the levels of activated caspase-3 in Ngb-Tg mice with ischemia on immunoblot when compared with WT mice with ischemia ( Fig. 4A) suggesting that Ngb further mediates its neuroprotective effects by preventing the activation of caspase 3. To further confirm this, we performed a TUNEL apoptosis assay and found a decreased number of apoptotic cells in the retinas of Ngb-Tg mice subjected to ischemia when compared with the WT mice with apoptosis during retinal ischemia (Fig. 4B) .
The molecular mechanism of Ngb has not been clearly elucidated. When Ngb was first discovered, it was believed to act as an oxygen transporter or buffer supplying oxygen during anoxia, similar to hemoglobin. 43, 46 However, this has been found to be unlikely due to its low concentration in the brain and its relatively low oxygen affinity. 6, 46 Studies have demonstrated that Ngb binds to cytochrome c (Cyt c) and membrane bound G-protein coupled receptor (GPCR) and thus the proposed mechanisms of action are closely related to these proteins. 46 -48 One possible mechanism of action is the role of Ngb in a redox reaction with Cyt c. 46, 49 During oxidative stress, Cyt c is released and triggers apoptosis through activation of proapoptotic caspase 3. This proposed redox interaction between Cyt c and Ngb suggests that Cyt c in converted by Ngb to a reduced ferrous form that is now unable to trigger apoptosis. 46, 49 Furthermore, in vitro studies have demonstrated that oxidative stress only occurs in neuroglobin overexpressing transgenic cells when the level of exogenous Cyt c is elevated beyond the usual level required to induce apoptosis. 46 These findings suggest that Ngb resets the trigger level for apoptosis. Other studies, however, reveal that Ngb maintains the mitochondrial membrane potential and mitochondrial function during oxidative stress through activation of phosphatidylinositol 3-kinases (PI3) and anti-apoptotic AKT pathways. 43, 46, 50, 51 Neuroglobin is also believed to couple with the membranebound GPCR. 43, 46 This binding leads to the suppression of elevated calcium levels through the inositol trisphosphate (IP3) pathway and prevents apoptosis. 2, 46, 52 Putting these theories together, it may be postulated that during retinal ischemia, Ngb binds to the released cytochrome c during the initial mitochondrial oxidative stress. This leads to the inactivation of cytochrome c and the prevention of apoptosis as we found in our Ngb-Tg mice with ischemia. Moreover, the prevention of further mitochondrial oxidative damage in retinal ischemia after the initial release of Cyt c may be explained by the coupling of Ngb with GPCR. During retinal ischemia, there is an increase in calcium levels that lead to apoptosis and neuronal cell death. 14, 53 Studies have demonstrated that Ngb is associated with decreased calcium levels and it can be postulated that by activating the IP3 pathway through GPCR, this rise in calcium levels during retinal ischemia is suppressed and thus preventing further mitochondrial oxidative stress and apoptosis. 10, 53 In addition, Ngb may prevent further mitochondrial oxidative stress by coupling with GPCR to activate PI3 and trigger antiapoptotic events through AKT. However, further studies will be necessary to confirm our postulation and confirm the definitive molecular mechanisms behind this neuroprotection in retinal ischemia.
The neuroprotective role of Ngb in retina ischemia has not been elucidated. Our study reveals for the first time that Ngb overexpression is neuroprotective during retinal ischemia and that it mediates this protection by inhibiting mitochondrial oxidative stress and caspase-3 activation leading to decreased apoptosis. In addition, we demonstrate that the Ngb-Tg mice provide a unique model to study the putative mechanisms for Ngb-mediated neuroprotection in vivo. Although further work is necessary to confirm the molecular mechanisms behind Ngb neuroprotection, the identification of Ngb as a potential endogenous neuroprotectant in the retina is important as it raises the possibility of its therapeutic use for various ophthalmic conditions such as retinal ischemia and glaucoma which share the underlying pathogenesis of ischemic injury.
